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FOREWORD

This Final Report is structured in two volumes. Volume I includes Task I,
Conceptual Design Studies, and Task II, Preliminary Development and Verification (D&YV)
Plan. Volume II consists of Task IIl, Capability Assessment, and Task IV, ROM Cost

Estimate. Volume Il contains proprietary data and shall not be disclosed outside the
Government.
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1.0 INTRODUCTION

National Aeronautics and Space Administration's (NASA's) George C. Marshall
Space Flight Center selected Atlantic Research Corporation's (ARC's) Propulsion Divi-
sion to perform conceptual design studies of a Block II Space Shuttle Solid Rocket Motor
(SRM). The ground rules for this conceptual motor design included the following:

* The existing performance, design, and verification requirements contained
in Specification Number CPW1-3300, Part 1, for the Space Shuttle High
Performance Solid Rocket Motor were used as the baseline requirements
document for proposed design concepts except as changed and/or ampli-
fied by NASA. References to specific design characteristics such as
segmented cases and other motor design characteristics and/or specifica-
tion requirements unique to Morton Thiokol Incorporated's design were
deleted; in those instances, ARC selected the specific design character-
istics that best suited our overall motor design concept.

* Design concepts essentially duplicate the outside geometry of the current
Space Shuttle SRM and its interfaces with other Space Shuttie elements so
that impact to the aerodynamic and dynamic characteristics of the Space
Shuttle vehicle is minimized.

* Design concepts do not use asbestos-filled insulation materials.

* Design concepts are not constrained to the current propellant formulation,
but rather they provide the capability to successfully perform over an
equivalent polybutadiene acrylonitrile acrylic acid terpolymer (PBAN)
propellant formulation burn rate range of 0.360 to 0.400 inch/second. For
information, the performance data contained in CPW1-3300 is based on a
PBAN propellant formulation with a target burn rate of 0.368 inch/second
at 60°F. '

* Performance is in accordance with the requirements contained in
CPW1-3300 from sea level to 200,000 feet over a propellant mean bulk
temperature (PMBT) range of +40° to +90°F after being subjected to the
natural and induced environments specified in paragraphs 3.2.7.1 and
3.2.7.2, respectively, of CPW1-3300 to the extent that the PMBT range of
+40° to +90°F is not violated.

. Any Criticality I, IR, 2, and 2R pressure seal is fully redundant and verifi-
able (inspected and leak tested in the prescribed functional location).
Further, no seal requires pressure actuation to perform its designed func-
tion.
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» Verification methods prescribed in Section 4.0, Table V, of CPW1-3300

were not used; the method of verification is a product of this study con-
tract.

Appendix 10, deviations, and any references to approved deviations were
deleted from CPW1-3300.

l.1 OBJECTIVE AND APPROACH

The objective of the Block II SRM Study Program was to define a conceptual
design that offered

« Improved flight safety, reliability, and confidence,
» Equal or greater performance,
* Equal or lower cost,

« Compatibility, with the current Space Shuttle vehicle and launch facility.

The contract study flow diagram shown in Figure 1.1.1 schematically
describes the approach chosen to satisfy the program objectives over the period of
September 3, 1986 to December 30, 1986. The four interrelated work tasks were per-
formed on schedule in the sequence shown.

The following design options and trade studies were defined at the beginning
of the program:

» Segmented versus monolithic design,
e (Case,

* Joint and seals,

e Insulation,

* Nozzle,

* Igniter.

The following evaluation criteria were also defined at program start:
reliability, 65 percent; cost, 20 percent; and performance, 15 percent.

1-2
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1.2 SUMMARY AND CONCLUSIONS

ARC evaluated segmented and monolithic SRM design concepts with emphasis
on joints and seals. Particular attention was directed to eliminating deficiencies in the
SRM High Performance Motor (HPM) identified in the Report of the Presidential Com-
mission on the Space Shuttle Challenger Accident, during the August 14, 1986 SRM
Briefing to Industry, and through detailed review of SRM literature.

The selected conceptual design is described and discussed in Section 2.0.
ARC's selection of this concept was driven by the following conclusions:

* An in-line bolted flange field joint is technically superior to either the
original tang and clevis pinned case joint or the improved "capture
feature" tang and clevis; however, the bolted flange field joint is heavier.
The selected NASA Langley Research Center (LaRC) joint offers mini-
mum joint sealing surface deflection.

* The heavier bolted joint weight penalty may be negated by extending the
current case length to equal SRM casting segment length. ARC believes

that case founding, forging, and heat treatment facility investments are
cost effective.

1-4



2.0 CONCEPTUAL DESIGN STUDY

This section describes and documents Atlantic Research Corporation's rec-
ommended design concept for a Block Il Space Shuttle SRM.

Trade studies were conducted to select specific SRM design features and
materials in the following areas:

» Design approach (segmented vs. monolithic),
* Motor case,

* Joints and seals,

» Asbestos-free insulation,

* Propellant and liner,

e Igniter,

e Nozzle.

These trade studies were documented in the Mid-Term Study Report, which is
included as Appendix A of this report. The detailed trade studies and analyses that led to

the recommended design concept documented herein may, therefore, be found in
Appendix A.
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2.1 PRELIMINARY DESIGN CONCEPT

The recommended Block II SRM preliminary design concept is depicted in
Figures 2.1.1 and 2.1.2 and is described below.

The SRM is a segmented design having casting segment lengths identical to
those of the Space Shuttle Mission 51-L design. However, longer D6AC case segments
are utilized, thereby eliminating all but two of the 51-L type factory joints. The three
field joints connecting the four casting segments are of the inline bolted flange type,
each fastened with high-strength steel studs with Inconel 718 nuts on each end. Each
field joint incorporates redundant metallic O-ring face seals.

The nozzle-to-case joint also incorporates redundant metallic face-type
seals. In addition, all internal insulation joints are of the unvented type with a labyrinth
path that precludes direct exposure of the joint seals to hot combustion gases. Mating
insulation joints are filled with low-strength, high-strain room temperature cure seal-
ant. Stress relief features are incorporated in the insulation near the mating joints to

permit relative motion of the insulation components without overstressing the insulation
joint sealant.

The propellant formulation and grain configuration of each casting segment is
identical to the High Performance SRM design.

The case insulation design is a hybrid system to optimize weight and perfor-
mance. A Kevlar/silica/Hypalon material is used next to the case wall because its low
thermal diffusivity provides the optimum thermal protection for the reusable case. To
provide erosion protection near field joints and in areas that are exposed during propel-
lant burn such as the aft case, the Hypalon insulation will transition to an NBR/phenolic
with boric acid filler (USR-3800). The molded inhibitors will also be made from
USR-3800. The castable liner will be a carboxyl-terminated polybutadiene (CTPB) mate-
rial for compatibility similar to the current liner material with the asbestos fibers re-
placed with another filler material.

2-2
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The nozzle configuration is basically the same as the 51-L configuration
except that certain materials have been changed to eliminate asbestos and/or to elimi-

nate pocket erosion problems. Also, internal joints have been reconfigured as needed to
provide redundant seals.

The preferred igniter design consists of an integral igniter adapter and case
with a bolt-on aft closure formed from 200 maraging steel. The igniter assembly is
insulated with Kevlar and silica-filled Hypalon and loaded with 18 percent aluminized
HTPB propellant. All joints are sealed using T-ring variants and metal C-rings.
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2.2 CASE

The motor case trade study, as shown in Appendix A, resulted in the selection
of a double-length (casting segment) case fabricated from D6AC and using the roll forg-
ing method of metalworking. The selection of this configuration has been substantiated
by a review of the concept with Ladish Co., Inc. to verify the technical capability to
produce this configuration and to assess the cost impact of a double-length case segment.
This assessment compares the technical challenge of a double-length case section with
that of a single segment case. The newly selected joint configuration was included as a
consideration in technical and cost evaluation. The motor case design for a typical

center casting section is shown in Figure 2.2.1, which is included as Attachment | of this
report.

Ladish has reviewed thoroughly the double-length motor case, which incor-
porates the bolted flange design. The configuration can be produced by using the fol-

lowing forge sequence, which incorporates the final heat treatment prior to final
machining:

* Receive stock,
* Heat,
* Press upset,
« Edge roll,
* Clean pre-form,
* Reheat,
» Extrude and pierce,
* Clean donut,
 Condition donut,
» Reheat,
» First ring roll operation,
» Cleanring,
» Condition ring,
.+ Reheat,
» Second ring roll operation,
* Hot size,
* Heat treat and second size,

* Machine pre-form blank,
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* Ultrasonic test,

* Roll reduce,

» Stress relieve,

* Cold size diameter,

» Rough machine clevis ends,
* Ultrasonic test,

* Final heat treat in a fixture,

» Ship in a fixture.

The following is a discussion of the above procedure and is intended to clarify
the operations. Comments are provided on the forging units that will be required to
complete the operation successfully. Section 2.3, Volume II, will address the cost of
capital equipment required to produce the required length cylinder along with the in-
creased thickness necessary to obtain the bolted clevis joint.

Ladish will purchase 50-inch-diameter, 49,500-pound billets (see Figure 2.2.2)
of Ladish D6AC material from LTV for this requirement. This size is considerably larger
than the present 40-inch-diameter, 31,000-pound billets used to make the single-length
case. This increased size and weight is beyond LTV's present melt capabilities and will
require new facilities for melting and handling. LTV is confident that it can maintain the
present quality level in the larger stock size, but LTV will require a tryout heat to verify
quality and refine its vacuum-arc remelting operation.

The next operation is designed to prepare the stock for making the forged
donut (see Figure 2.2.3). This operation can be performed on equipment existing at
Ladish. This operation represents low technical risk to motor case fabrication technol-
ogy. The intermediate cleaning and conditioning operations are routine and will not
require any additions or modifications to equipment.

The donut configuration, shown in Figure 2.2.4, is dictated by the roll reduced
pre-form blank. Since the bolted flange design is thicker than the present clevis, the
proportions between the cylinder section and the clevis becomes exaggerated in the

donut. The tonnage of the present press is limited to finished flange thicknesses below
3.100 inches.
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The hot roll operations (see Figures 2.2.5 and 2.2.6) can be produced using
Ladish's current equipment; however, due to length and configuration, new ring roll tools
will be needed. No major technical risks are expected with this change.

The hot size operation (see Sketch #6 in Appendix B of Volume II) is low risk
and can be performed on equipment existing at Ladish. However, new sizing segments
will be required due to the longer length pre-form size.

Machining of the pre-form blank (see Sketch #6 in Appendix B of Volume II)

from the rolled ring should present no technical challenge. No new equipment will be
needed for this operation.

Ladish has developed a method of using immersion sonic testing the large pre-
forms that will be used. Slight modification of Ladish's equipment to accommodate the
longer length is anticipated.

The next operation is the flow turning of the blank to its total length. A new
machine will be required to manipulate the longer length and the starting pre-form
blank's thicker wall section. The new machine will be patterned after Ladish's successful

flow turn machine. No major problems in using this new piece of equipment are antici-
pated.

After flow turning, all handling is accomplished using fixtures to prevent
damage to the ring due to its long length and thin wall section.

A new furnace will be required for the stress relieving operation. The case
can be hung vertically in the furnace and fixtured to keep it round. This operation varies
from present practice, since the 160-inch cylinders fit into existing furnaces and do not
require the extensive fixturing necessary for the longer length. This operation is the

first in this production sequence that varies to any great extent from the present prac-
tice.

The cold sizing operation will require a new press because of the added
length. The press will be designed with added segment travel to accommodate the bolted
flange joint, which has the added stock on the inside diameter. New sizing tools will be

needed for the added length. This operation will be essentially the same as the current

2-11
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sizing practice. The machining of the bolted flange joint will be done on the current

equipment modified for the increased length. Again, this operation is similar to existing
practices with only the machine contour changing.

The final ultrasonic test of the roll formed cylinder will use the current
inspection method but will require new facilities due to the increased length and the
requirement to fixture the ring during sonic testing. This added weight will require

stronger rollers and tank. Sonic testing these pieces in a fixture should not present any
new technical challenges.

The final heat treatment (see Sketch #6 in Appendix B of Volume II) will take
place in a new furnace. This operation is the only addition to the current process. A new
furnace will be designed and installed for this operation. Again, fixturing will be re-

quired to maintain roundness. The heat treatment facility will include salt bath quench
tanks.

Presently, components are shipped on flat cars blocked into the vertical
position. The length of the double-length case will not allow this shipping configuration.
The new motor cases will be shipped in the horizontal position with an internal fixture on
rail cars that incorporate a shipping cradle. This method should provide sufficient trans-
portation protection and maintain roundness during transportation.

The procedures that will be used to produce the double-length motor case
incorporating the bolted flange are basically the same as those presently used for the
160-inch long motor case. The added length provides some problems that are not encoun-
tered with the present cylinder. The first is the new starting billet size and weight.
Historically, the startup of new melt facilities requires debugging and introduces un-

knowns into the steel quality. Process characterization is, therefore, planned early in
the Development Phase.

The second problem is handling of double-length motor cases. Ladish plans to
develop new handling equipment and fixtures. Also, a learning process is planned during
initial process development. Ladish is confident that after these two issues are under-

stood, the process will be technically sound and cylinders can be made to the required
quality and dimension requirements.
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2.3 CASE JOINTS AND SEALS

This section discusses the structural analyses and the salient structural fea-
tures of the metal case field joints and nozzle joint and of the case and nozzle insulation
joints. Additionally, rationale for the selection of the seals is given and a discussion of
their characteristics and background usage is presented.

2.3.1 METALLIC CASE JOINT

2.3.1.1 JOINT SELECTION

The selection process for the in-line bolted field joint is given in detail in the
Mid-Term Report of Appendix A. In brief, the selection was driven by safety and reli-
ability considerations, including the following:

* The in-line bolted joint allows a face seal arrangement. This arrange-
ment, in turn, allows the use of metallic seals, which are known to be
much more temperature resistant than rubber O-rings (2,500°F versus
500°F). They are also more resilient than rubber and will track instanta-

neously any flange opening. Furthermore, the metal is not sensitive to
cold ambient temperatures.

* The bolted joint is amenable to analysis via three-dimensional finite
element techniques, including the effect of pre-loading the bolts.

. Because of the above, the NASA Langley Research Center was able to
optimize the bolt circle position relative to the membrane shell middle
surface and, hence, minimize flange opening at the seal positions. These
dimensions are incorporated into the current design.

2.3.1.2 CONFIGURATION AND STRUCTURAL FEATURES

Figure 2.3.1 shows the in-line joint that was analyzed and its critical dimen-
sions. The design is identical to that of the November 23, 1986 LARC design with the
following exceptions:

* The ARC design has an Inconel O-ring for both the primary seal and the
secondary (redundant) seal. The seals are discussed in detail in Section
2.3.5.
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. The ARC design, as analyzed herein, utilizes a shear lip around the
inboard circumference of the lower segment flange. This shear lip is
used primarily to make rounding and fit-up easier during field assembly.

This design has been modified slightly to thin the flange from 3.5 inches
to 3.1 inches (inside to outside).

Bolting consists of 150 l.125-inch-diameter, high-strength studs from SPS,
type MP 150. This scheme was found by LaRC to be reasonably efficient with respect to
spacing, metal O-ring size, and flange thickness. Alcoves are large enough to allow the
use of hydraulic tightening of the special nuts while employing an ultrasonic transducer
for the LaRC pulsed phase locked loop system, which will be used to measure accurately

stud pre—tension.(l) The transducer is affixed magnetically to the upper end of the

stud. Four systems will be used simultaneously during field assembly.

Finally, we note that the case membrane shell is tapered for 7 inches from
0.479 inch nominal thickness to 0.90 inch nominal thickness at the alcove "roofs", thus
minimizing the effects of the discontinuity.

2.3.1.3 DESIGN CONDITIONS

Table 2.3.1 outlines the major structural requirements for the SRM redesign.
We note here that the ultimate safety factor of l.4 was applied to both the equivalent
axial load of 18.26 x 10° pounds and the internal MEOP of 1,004 psi in the stress anal-
ysis. This safety factor was applied to ensure that the flange gap opening would meet
the required safety factor, as well as the stressed metal parts.

(1) Allison and Heyman, "Nondestructive Ultrasonic Measurement
of Bolt Preload Using the Pulsed Phase Locked Loop
Interferometer," The Second Symposium on Welding, Bonding,

and Fastening, NASA Langley Research Center, October 23 - 25,
1984,
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6.

TABLE 2.3.1. JOINT AND SEAL DESIGN CONDITIONS.

MEOP = 1,004 PSIG.
ULTIMATE SAFETY FACTOR = 1.4,
YIELD SAFETY FACTOR = 1.2.

MAXIMUM MOMENT AT UPPER FIELD JOINT, M = 68 x 10 IN-LB.

EQUIVALENT LOAD:

AT R = 72.0", P = 1,004 PSIG

- 6
wEQ = 18.26 X 10 LB

MATERIAL:

D6AC CASE

CASE ULTIMATE = 200 KSI
CASE YIELD = 185 KSI

BOLT/STUD MULTIPHASE ALLOY (MP 150)
ULTIMATE = 260 KSI.

MAXIMUM ALLOWABLE FLANGE OPENING AT SEALS = 0.012 IN.
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2.3.1.4 BOLT STRUCTURAL ANALYSIS
The ultimate bolt load is as follows:

1.4 (18.26 no%)/150

-n
"

170,400 pounds/stud

Pre-tensioning of the studs is held to 70 percent of their ultimate strength, or

-n
1

0.70 (234,000)

164,000 pounds

Thus, the pre-tension will be lost as the ultimate design load is approached; however, no
problem will occur as long as the flange opening is kept to a safe level. The subsequent
finite element analysis shows this to be the case. However, insofar as the studs are

concerned, the ultimate safety factor (SF) becomes (with a listed strength of 234,000
pounds/bolt):

SF _ 234,000 (1.4)
u 170,400

¥

1.92.

This safety factor provides a margin over and above that which is required.

2.3.1.5 CASE WALL THICKNESS

Although the membrane wall portion of the motor case is presumably un-
changed from the original lightweight HPM design, a few calculations are given regarding
the membrane stress state and the safety factors to provide continuity with the overall
joint analysis. The mean shell radius is taken as 72.8 inches and the minimum wall as
0.459 inch for these calculations.

-BIAXIAL EFFECTS
It is important to account for the affect on ultimate strength that the two-

to-one stress field found in a thin-walled pressure vessel might have. For the class of
low alloy steels, similar to D6AC, the MIL-HDBK-5D suggests a factor of 0.90 to be used
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to calculate strength enhancement in a two-to-one biaxial stress field. That is, the
effective stress, o, to be compared to the uniaxial tensile strength (o, = 200 ksi)
is givenby o_ = 0.9 Tgs where o

is the induced hoop stress.

e 0

SAFETY FACTOR

At the MEOP,

_ 1,004 (72.8)
o) 0.459

159,240 psi.

Hence,

Q
i

= 0.9 oy

143,300 psi,
and the ultimate safety factor is

00,000
43,300

:

SF =

|

= 1.
Thus, the design requirement is met and case segments with the minimum wall at 0.459

inch can, in fact, be used as forward segments where the MEOP is taken as 1,004 psi.

We note that the enhancement factor for the classical von Mises stress is
0.866 for a two-to-one biaxial stress field, such that the von Mises failure criterion
reasonably represents the D6AC material. For this reason, it was decided to present the
NASTRAN stress contours (Section 3.2.1.7) in the form of von Mises effective stress.

MODEL SHELL STRESS

- The NASTRAN shell von Mises stress away from the joint should be

* _ (0.866)(1.4)(1,004)(72.8)
° - 0.479

185,000 psi.
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This value agrees very well with the finite element results (Figures 2.3.6 and 2.3.7).

2.3.1.6 FINITE ELEMENT ANALYSIS

A PATRAN/NASTRAN finite element model of the case, joint, and bolts was
constructed as shown in Figure 2.3.2. As shown, the model is a 1/300 circumferentially
repeating segment of the full-up motor. The axial length of the model is 56 inches,
which is sufficient to capture the membrane behavior of the case away from the joint.
The model consists of 1,724 solid elements. The stud and nuts are connected to the

flanges only by linear contact elements, as are the mating flange surfaces.

The model is loaded according to Table 2.3.1 with the 1.4 ultimate factor
included in the axial end load and in the internal pressure load. These "ultimate" loadings
are reflected in all stress and displacement results. The applied pretension of the studs
was induced into the NASTRAN solution as a cooling of the stud to an equivalent a 8 T
of -0.0090. The stud pre-tension was 58 percent of the ultimate strength, or 135,000
pounds. This value is lower than the intended value of 164 ksi, but it should have no
significant effect on the calculated state of stress in the case or joint. Displacement
values (flange opening) might be slightly greater than those with the full pre-tension.

2.3.1.7 FINITE ELEMENT RESULTS

DEFORMATIONS

Figure 2.3.3 shows the deformation pattern of the bolted joint in the vicinity
of the flanges. The "heel-toe™ action is clearly seen with contact indicated over most of
the area of the seal grooves. Figure 2.3.4 shows the overall joint and shell deformation
patterns. These patterns indicate that the model was, in fact, long enough (56 inches) to
capture the membrane shell behavior away from the joint discontinuity. Figure 2.3.5is a
plot of the relative displacement between flanges (gap opening). The profile of the
O-ring grooves is shown for reference. Only at the secondary seal under the alcove's
gusset plate (halfway between bolts) is there a positive separation, and this value is a
maximum of 0.0031 inch over the backup O-ring. With a 0.012-inch O-ring recovery

capability, the ultimate safety factor on deflection (gap opening) is estimated to be
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STRESS RESULTS

Figures 2.3.6 and 2.3.7 show stress contour plots on isometric views of the
lower and upper segments. The color patches cover the indicated ranges of the values of
the von Mises stress. These values agree well with the von Mises membrane stress in the
shell (away from the joint) of 185 ksi as previously calculated in Section 2.3.1.5. Stresses
throughout the tapered shell walls and the alcove gussets and roofs are satisfactorily
low. However, stress concentration regions appear at the edges of the bolt holes on the
respective mating surfaces of the upper and lower flanges. These areas of high stress are
due to the presence of the holes in what would otherwise be a fairly uniform hoop tension
field. Figures 2.3.8 through 2.3.11 show the von Mises stress contours. The very local
nature of the stress concentrations is apparent in that the yield regions do not penetrate
to the alcove sides of the flanges. The material that is stressed above about 185 ksi may,
of course, yield, but it will not in any way threaten the ultimate strength of the joint
structure. The maximum strain at the edge of the bolt holes can be estimated by

_ 261,500
29 x 10°

0.0090 inch/inch

With a minimum elongation of 6 percent for the D6AC material, the ultimate safety
factor would be

0.060
SF = g.oo9g (1-9)

= 9.3.

In a final Design Phase, this condition would be more rigorously analyzed via a nonlinear
plasticity version of the NASTRAN code. We also note that the results shown herein are

for an ultimate load condition. At the MEOP condition, the peak stress concentration
reduces to

261,500

==T1.4

186,800 psi.

This pressure would cause, at worst, a tiny spot of yielded material.
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FIGURE 2.3.8.
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2.3.1.8 SUMMARY AND CONCLUSIONS
Important results of the case joint structural analysis are listed below.

* The maximum flange opening (at the ultimate load) over the secondary
metal O-ring is 3.1 mils. The ultimate factor of safety is 5.4.

* The membrane case safety factor is not affected by the joint design. For
the "lightweight" case with a 0.459-inch minimum wall and 200,000-psi
ultimate tensile strength, the ultimate safety factor is 1.4,

*  The bolt ultimate safety factor is 1.92.

* Alcove gussets, backwalls, and roofs are relative